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Pervaporation is claimed to be a promising separation technique for the purification of ethanol from fer-
mentation broths during bio-ethanol production. In this study, influence of fermentation by-products on
the purification of ethanol from water during hydrophobic pervaporation was investigated.
Sugars and salts were found to increase the membrane performance. Reason for this was a change in
vapor/liquid equilibrium. 2,3-Butanediol decreased the ethanol flux and selectivity factor, while glycerol
exhibited no effect. This was explained by a strong sorption of butanediol into PDMS and no sorption of
glycerol. Due to the presence of carboxylic acids, hydrophobicity degree of the Pervap 4060 membrane
decreased, which resulted in an irreversible increase in water flux and decrease in separation perfor-
mance. These observations suggested the presence of silicalite-based fillers in the membrane. When
the pH was raised to a value above the dissociation constant, no changes in hydrophobicity degree and
membrane performance were found.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The combustion of fossil fuels is responsible for more than 70%
of the carbon dioxide production (Balat et al., 2008; Lokhorst and
Wildenborg, 2005). The concerns about global warming, and deple-
tion of fossil fuels has increased interest in more sustainable
energy sources to mitigate greenhouse gas (GHG) emissions (Lom-
bardi, 2003). Not only CO2 levels but also the emissions of other
pollutants, such as SO2 and volatile organic compounds (VOC’s)
would considerably reduce by replacing fossil fuels with greener
equivalents or by wider use of enhanced separation processes (Luis
et al., 2009). The transport sector is a significant contributor to
GHG emissions and its impact will continue to increase in the fu-
ture (Abrahamse et al., 2009; Stichnothe and Azapagic, 2009).
Reducing emissions in this sector could contribute significantly
to reaching the EU targets on climate change.
Ethanol derived from biomass, or bio-ethanol, has been recog-
nized as a potential alternative to petroleum based transportation
fossil fuels (Govindaswamy and Vane, 2007). The production of
fuel grade ethanol (>99.5 wt.%) from a raw feedstock is schemati-
cally depicted in Fig. 1 and involves four major steps, although
some steps are sometimes redundant or can be combined (Balat
et al., 2008; Vane, 2005).ll rights reserved.
: +31 15 2782 355.
.be (B. Van der Bruggen).It is well known that ethanol fermentation is inhibited by the
ethanol product itself, as a consequence, rather low ethanol con-
centrations are reached in the final fermentation broths (Nomura
et al., 2002). This will be even more significant with the increasing
interest in the use of lignocellulosic biomass, which was found to
be the most promising feedstock for fermentation processes, due
to its availability and low cost (Kim and Dale, 2004). Final ethanol
concentrations will be significantly lower (<5 wt.%) than encoun-
tered for starch-based feedstocks (Balat et al., 2008).
Conventional distillation (multi-column) is commonly used to
purify the ethanol of the fermentation broth but has some disad-
vantages. These include batch-operation of the fermentor, low
glucose-to-ethanol yield and no reuse of salts and microorganisms
(Nomura et al., 2002). Moreover, energy requirements increase
exponentially when ethanol concentration in the feed solution fall
below 5 wt.% (Madson and Lococo, 2000). Hence, a lot of research
was carried out in finding energetically more attractive separation
techniques, such as gas/steam stripping (Ezeji et al., 2004), liquid–
liquid extraction (Bothun et al., 2002), adsorption (Carton et al.,
1998) and pervaporation (Bowen et al., 2007; Fadeev et al., 2003;
Ikegami et al., 2003; Nomura et al., 2002). These separation tech-
nologies for producing fuel grade ethanol from fermentation
broths have been extensively reviewed by Vane and compared to
the classical distillation process (Vane, 2008). Among proposed
technologies, pervaporation may have advantages due to the sim-
plicity of operation, the absence of extra chemicals, low energy







Fig. 1. Schematic flow sheet of bio-ethanol production.
1670 S. Chovau et al. / Bioresource Technology 102 (2011) 1669–1674found by several researchers, that a pervaporation unit, coupled to
a fermentor will facilitate the fermentor by selectively removing
ethanol, hence keeping the ethanol concentration below inhibitory
levels for the microorganisms, and thus reducing cost of ethanol
(Groot et al., 1993; Kaseno and Kokuga, 1998; O’Brien et al.,
2000). O’Brien et al. (2000) performed an economic analysis on
replacing the beer column (first distillation column) by a pervapo-
ration unit and found that only modest improvements in the cur-
rent membrane performance are necessary to become cost-
competitive with multi-column distillation.
In addition to ethanol and water, fermentation broths also con-
tain a variety of by-products, which could hinder the purification.
Since the first step in a bio-ethanol production process involves
the conversion of a feedstock into simple sugars, sugars will always
be present during a coupled fermentation–pervaporation process.
Glycerol and succinic acid can be present in the fermentation mix-
ture up to 0.8 and 0.4 wt.%, respectively, while concentrations of
other carboxylic acids and diols are maximally 0.1 wt.% (Maiorella,
1983; Vane, 2005). Salts are often added to a fermentation broth to
act as a nitrogen or mineral source for microorganisms, and con-
centrations typically range between 1 and 10 g/l (Lin and Tanaka,
2006).
The influence of fermentation by-products on membrane per-
formance during pervaporation has already been investigated by
several authors (Aroujaliana et al., 2006; Bowen et al., 2007; Fa-
deev et al., 2003; García et al., 2009; Ikegami et al., 2003; Nomura
et al., 2002). Despite this, sometimes contradictory results were
observed between different studies and concrete explanations of
observed behavior were missing. However it is clear that the mem-
brane performance can be significantly affected by the presence of
fermentation by-products, even in small amounts, which limits the
commercial applicability of a pervaporation system.
The aim of this work is to elucidate the effects of different fer-
mentation by-products on the pervaporative isolation of ethanol
from aqueous solutions, and to provide solutions to cope with
any negative effects on performance. This can assist scientists in
optimizing their fermentation broths and will furthermore serve
as a useful tool in predicting membrane performance when the
composition of a fermentation broth is known.2. Methods
2.1. Membranes
Two commercial PDMS-based membranes were investigated in
this study, namely Pervap 4060 (Sulzer ChemTech, Switzerland)
and Pervatech PDMS (Pervatech BV, The Netherlands). For the
sorption experiments a pure PMDS membrane was prepared fol-
lowing Vankelecom et al. (1996).2.2. Contact angle measurements
The standard procedure of contact angle measurement is to put
a drop on the top layer of the membrane and to examine the con-
tact angle with a special camera (sessile drop method). In this
study, contact angles of a water drop were measured and analyzedat room temperature with a Krüss Drop Shape Analysis System
(DSA 10 Mk2). Contact angles of the membrane were determined
before and after experiments to investigate the influence of the
feed solution on the hydrophobicity degree. Wet samples were
dried in an oven at 40 C for 24 h to remove traces of sorbed liquid.
At least five measurements were done on each membrane sample.
2.3. Pure sorption experiments
Self-prepared PDMS membrane samples of known weight were
immersed into pure liquids at 25 C for 2 days. After carefully
removing excess of liquid from the surface, the samples were
weighed on balance with an accuracy of 104 g. The amount of
sorbed liquid was determined after subtracting the initial mass.
2.4. Headspace gas chromatography (HSGC)
HSGC is analysis technique commonly used in studying vapor–
liquid equilibrium, and allows determining the composition of the
vapor phase in a closed system. It involves sampling of the vapor
phase, which is in equilibrium with its liquid phase and ejecting
in a GC system (Banat et al., 1999). The used apparatus was a
PerkinElmer Autosystem XL gas chromatograph (column Crom-
Pack, CP Poraplot Q-HT, 25 m  0.53 mm ID, FID detector,
Waltham, Massachusetts, USA), with an experimental error of 2%.
This technique was used to investigate the influence of by-prod-
ucts on the vapor composition of an ethanol in water solution. This
will provide a qualitative indication on changes in ethanol and
water vapor pressure due to the presence of these components.
Since it is unlikely that components in low fractions will signifi-
cantly affect vapor–liquid equilibrium, the investigated compo-
nents were added at a concentration of 1 mol/l. Ethanol
concentration was also fixed at 5 wt.% and the operation tempera-
ture was 35 C.
2.5. Experimental
All experiments were carried out with a laboratory pervapora-
tion set-up (Lab Test Cell Unit, Sulzer Chemtech) as described by
Dotremont et al. (1994). The feed was heated in a 3 l stainless steel
container and kept at constant temperature of 30 C by a temper-
ature control unit. The feed was circulated over the membrane
by a centrifugal pump with a feed flow rate of 250 l/h, resulting
in a Reynolds number of approximately 12,000 (turbulent flow)
(Bettens et al., 2007). Every 30–90 min, permeate was collected
in a glass trap cooled in a Dewar flask containing liquid nitrogen.
The vacuum level was maintained below 3 mbar by a two-stage
vacuum pump. Flat sheet membranes with an active membrane
area of 20 cm2 were used. The total amount of permeate Mtot,
was determined gravimetrically using a balance with an accuracy




Sm  t ð1Þ
where Sm expresses the active membrane area (m2) and t stands for
the collection time (h).
Model mixtures of ethanol in water were prepared, in which
individual by-products were added at pre-defined concentrations.
In all mixtures, feed ethanol concentration was fixed at 5 wt.%.
Prior to analysis, membranes were allowed to equilibrate with feed
solution for at least 12 h. The effect of residual sugars (glucose and
xylose) and salts (ammonium sulfate, (NH4)2SO4) was also
investigated.
Ethanol concentrations were determined by a Shimadzu
GC-14A gas chromatograph (column 80/120 Carbopack B/3% SP –
Table 1
Pervaporation performance of commercial PDMS membranes; feed ethanol concen-
tration: 5 wt.%; temperature: 30 C.
Membrane Flux (g/(m2 h)) wEtOH,p (wt.%) a b
Total EtOH H2O
Pervap 4060 550 169 381 30.7 8.4 6.1
Pervatech PDMS 995 214 781 21.5 5.2 4.3
S. Chovau et al. / Bioresource Technology 102 (2011) 1669–1674 16711500, FID detector). To prevent salts from precipitation in the GC
column, samples containing weak acids were acidified with HCl
prior to GC analysis. The membrane selectivity is commonly ex-





where wEtOH and wH2O are the mass fractions of ethanol and water,
and p and f denote the permeate side and feed side, respectively.
However, in the case of our study where beside ethanol and water
also other components are present, it is more convenient to make
use of the enrichment factor b, as defined by Eq. (3). This parameter
allows to investigate directly the influence of other components on






Finally, partial fluxes Ji of water and ethanol are calculated by
Eq. (4):
Ji ¼ Jtot wi;p ð4Þ
where wi,p represents the mass fraction in the permeate of either
ethanol or water. According to the solution–diffusion model, partial
flux of component i can be expressed in terms of the actual driving
force for permeation, i.e. the vapor pressure difference of that com-




ðpi;f  pip Þ ð5Þ
Here Qmi is the intrinsic membrane permeability of component i, l
the membrane thickness, pi,f and pi,p represent the partial pressure
of component i on feed and permeate side, respectively. When the
vacuum level at the permeate side is low enough and components
in the feed are not present in trace fractions, the second term in
Eq. (5) can be neglected with respect to the first. The equation sim-
plifies to Eq. (6) which states that the partial flux of component i is






Based on the relative error of each measurement method (permeate
mass, membrane diameter and GC analysis), the experimental error
of the reported performance factors was estimated to be 4%.
3. Results and discussion
3.1. Membrane characterization and performance for a pure ethanol/
water mixture
The contact angle of a water drop on a dry membrane surface
sample was found to be 110 and 112 for the Pervap 4060 and
Pervatech PDMS membrane, respectively, which is a typical value
observed for PDMS-based membranes (Chovau et al., 2010), and
indicates a high hydrophobicity degree.
To investigate the influence of different by-products, first a pure
ethanol/water mixture was subjected to pervaporation experi-
ments, which will provide a reference for further experiments.
The performance parameters of both examined membranes for a
5 wt.% ethanol–water solution at 30 C are summarized in Table 1.
The Pervatech PDMS membrane was found to have a higher flux
than the Pervap 4060 membrane but a lower selectivity factor and
permeate ethanol concentration, which is in agreement with
results observed by Claes et al. (2010).3.2. Influence of by-products on pervaporation performance
Glycerol and 2,3-butanediol exhibit a very low vapor pressure
(Fadeev et al., 2003), which means that the driving force for perme-
ation will be very low. Hence these components can be considered
as impermeable and were indeed never detected in the permeate.
The same argument holds true for the dissolved glucose, xylose
and (NH4)2SO4.3.2.1. Impermeable components
The influence of impermeable by-products on the membrane
performance of the Pervap 4060 and Pervatech PDMS membrane,
together with their concentrations in the tested model mixtures,
is presented in Table 2.
In comparison to the pure ethanol/water mixture, the addition
of 5 wt.% glucose led to an increase in ethanol permeate concentra-
tion of 6% and 9% for the Pervap 4060 and Pervatech PDMS mem-
brane, respectively. Smaller increases were found due to addition
of 5 wt.% xylose (5%) and 1 wt.% (NH4)2SO4 (3%). The reason
for this increased ethanol permeate concentration was mainly
due to an enhanced ethanol flux, which increased for the Pervatech
PDMS membrane with 9%, 7% and 6% due to addition of glucose,
xylose and (NH4)2SO4, respectively. On the other hand, changes
in water flux were found to be smaller than 2%. Furthermore, it
was found that ethanol flux and permeate concentration increased
with increasing sugar or salt concentration (not shown).
Results are in agreement with Lipnizki et al. (2004), who stud-
ied the effect of different salts on the pervaporative separation of
propanol/water mixtures trough PDMS membranes. They observed
an increased alcohol selectivity, as a result of lower water flux and
higher organic flux, which was however only significant above con-
centrations of 0.5 mol/l. Moreover, they found that the activity of
propanol increased with increasing salt concentration, which is
commonly defined as the salting out principle. Banat et al. (1999)
demonstrated that vapor–liquid equilibrium and thus vapor pres-
sures could be significantly altered by adding salts to the solution,
confirming the salting in/out principle. Using the Headspace Gas
Chromatography (HSGC) technique, they observed a higher ethanol
fraction in the vapor phase when salts were added to an ethanol
water solution. The higher ethanol vapor fraction can only be
attributed to a decrease in the vapor pressure of water, an increase
in vapor pressure of ethanol, or both. It must be noted that exper-
iments were only done at high salt loadings (from 1 mol/l up to
saturated solutions). From literature it was found that in a
38 wt.% ethanol/water solution at 20 C, the vapor pressure of eth-
anol increased with 5% and water decreased with 18%, in the pres-
ence of 0.072 mol/l sucrose (Aroujaliana et al., 2006). This was
explained by preferential interaction of hydroxyl groups in the su-
gar with water through hydrogen bonding, since ethanol has only
one pole for hydrogen bonding, and moreover a more hydrophobic
tail. This preferential bonding of sugar to water decreased the va-
por pressure of water and increased the ethanol vapor pressure
due to lower bonding capacity of water molecules with ethanol.
Since glucose and xylose also exhibit hydroxyl groups for hydrogen
bonding, it is likely that these sugars have a similar effect as su-
crose on vapor–liquid equilibrium.
Table 2
Influence of fermentation by-products on performance of the examined membranes; feed ethanol concentration: 5 wt.%; temperature: 30 C.
Membrane Additive Glucose Xylose Salts Glycerol 2,3-Butanediol
Concentration (wt.%) 5 5 1 1 0.1
Pervap 4060 Flux (g/(m2 h)) Total 555 550 554 545 517
EtOH 181 175 174 166 140
Water 374 375 380 379 377
wEtOH,p (wt.%) 32.6 31.9 31.5 30.4 27.1
Enrichment b 6.5 6.4 6.3 6.1 5.4
Pervatech PDMS Flux (g/(m2 h)) Total 1011 1007 1005 990 966
EtOH 233 229 226 213 182
Water 778 778 779 777 785
wEtOH,p (wt.%) 23.4 23.1 22.4 21.5 18.8
Enrichment b 4.6 4.6 4.5 4.3 3.8
Fig. 3. Sorption of pure components in a pure PDMS membrane.
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water solutions in which glucose, xylose or (NH4)2SO4 were added
is presented in Fig. 2.
From Fig. 2, it can be concluded that both sugars and salts sig-
nificantly increase the vapor pressure of ethanol and decrease the
vapor pressure of water, when present in sufficiently high concen-
trations. In our study, molar concentrations varied between 0.08
and 0.35 mol/l, and the positive changes in performance factors
ranged around the experimental error.
Addition of 1 wt.% glycerol did not significantly affect fluxes or
permeate ethanol concentration for both membranes. This is in
contrast to Ikegami et al. (2003), who observed for an ethanol/glyc-
erol/water solution (5%/0.8%/94.2% (w/w)) at 30 C a significant de-
crease in total flux through a silicone rubber coated silicalite
membranes in comparison to a pure ethanol/water mixture, there-
by not altering the permeate composition. The decreased total flux
was explained by the assumption that the addition of glycerol
leads to a decrease in vapor pressure of both ethanol and water.
García et al. (2009) observed a similar trend through a POMS mem-
brane for a 1 wt.% glycerol/9.5 wt.% ethanol solution at 34 and
53 C. The authors calculated the activity coefficients of the ternary
glycerol/ethanol/water mixture, but found no significant differ-
ences in comparison to the binary ethanol/water mixture.
Presence of 0.1 wt.% of 2,3-butanediol decreased ethanol flux by
17% and 22% for Pervap 4060 and Pervatech PDMS membrane,
respectively, whereas water flux was not significantly affected.
This resulted in a permeate concentration which was 12% lower
than in the absence of 2,3-butanediol. Fadeev et al. (2003) found
that butanediols strongly adsorb on a poly[1-(trimethylsilyl)-1-
propyne] (PTMSP) membrane. To verify whether this was also
the case for a PDMS-based membrane, the sorption of pure compo-
nents on PDMS samples was measured, which is presented in
Fig. 3.
From this figure, it can be seen that total sorption of 2,3-butane-
diol into PDMS is significantly higher (37%) in comparison to etha-Fig. 2. Influence of addition of components (1 mol/l) on vapor composition; ethanol
concentration in liquid phase: 5 wt.%; operation temperature: 35 C.nol. It is thus likely that butanediol molecules will compete with
ethanol molecules for adsorption sites on the examined mem-
branes, which explains the decrease in ethanol selectivity. Further-
more, glycerol showed no sorption at all into the PDMS membrane.
Hence no interaction of glycerol with the membrane can occur and
membrane performance is not altered. Sorption experiments are
thus a key factor in determining the affinity of a component for a
membrane material and the probable interaction with it.
Though addition of these components to an ethanol/water mix-
ture influenced the membrane performance to some extent, mem-
brane properties were completely restored when membranes were
afterwards subjected to pure ethanol/water experiments. Hence,
these components form no risk of deteriorating the membrane
and will not alter the membrane performance of a real fermenta-
tion broth mixture to a large extent, since typical encountered con-
centrations will be lower than tested here.
3.2.2. Influence of carboxylic acids
The influence of the presence of carboxylic acids at 0.1 wt.% in
the feed solution on the membrane performance for the Pervap
4060 and Pervatech PDMS membrane is presented in Table 3.
From Table 3, it is clear that the water flux through the Pervap
4060 was significantly increased due to addition of weak acids.
Moreover, with increasing molar concentration of acid in the solu-
tion, the water flux increased from 19% for succinic acid up to 48%
for formic acid. This enhanced water flux, in combination with a
more or less similar ethanol flux, resulted in a 10–20% lower etha-
nol concentration in the permeate, in comparison to the pure eth-
anol/water mixture. When membrane samples were afterwards
subjected to pure ethanol/water solution, membrane properties
were not restored. For the Pervatech PDMS membrane, only a
slight decrease (1–6%) in permeate ethanol concentration was ob-
served and membrane properties were not altered afterwards. This
suggests that there must be a clear difference in interaction of
components with the membrane between the two commercial
membranes.
Table 3
Influence of addition of 0.1 wt.% of weak acids on performance of examined membranes; feed ethanol concentration: 5 wt.%; temperature: 30 C.
Membrane Added acid Pure Acetic Succinic Formic Lactic Butyric
Concentration (mmol/l) – 16.4 8.4 21.4 10.9 11.2
Pervap 4060 Flux (g/(m2 h)) Total 550 742.5 627 748 687.5 654.5
EtOH 168.6 187.1 172.3 184 185.1 178
Water 381.4 555.4 454.7 564 502.4 476.5
wEtOH,p (wt.%) 30.7 25.2 27.5 24.6 26.9 27.2
Enrichment b 6.13 5.04 5.5 4.92 5.38 5.44
Pervatech PDMS Flux (g/(m2 h)) Total 995 986 983 995 973 980
EtOH 214 209 199 212 197 198
Water 781 777 784 783 776 782
wEtOH,p (wt.%) 21.5 21.2 20.2 21.3 20.2 20.2
Enrichment b 4.3 4.24 4.05 4.26 4.05 4.04
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through silicalite membranes and found that the permeate ethanol
concentration was significantly decreased due to the addition of
0.3 wt.% succinic acid to a 5 wt.% ethanol/water solution. Moreover,
the infrared spectra of silicalite powder immersed in succinic acid,
showed stretching vibration peaks of carbonyl and carboxyl groups
and deformed hydroxyl groups. The authors suggested that the
silicate membrane became hydrophilic due to adsorption of succi-
nic acid on the silicalite surface. However, no changes in infrared
spectra were observed when a pure silicone rubber material was
immersed in the same succinic acid solution. Bowen et al. (2007)
investigated the stability of zeolite-filled (silicalite-1 and CBV-
28014 ZSM-5) PDMS membranes during pervaporative ethanol
recovery from aqueous solutions. They observed no significant
change in membrane performance due to addition of 1 wt.% acetic
acid to a 5 wt.% ethanol in water solution for an unfilled PDMS
membrane, but an irreversible decrease in both ethanol flux and
selectivity factor for zeolite-filled. The authors also attributed this
behavior to the interaction of acetic acid with silanol (Si–OH)
groups terminating the external surface of the zeolite particle,
forming Si–O–COCH3 bonds.
An explanation for the strongly enhanced water flux, observed
in our study, was found by measuring the hydrophobicity degree
of the membrane surface after the experiments with acid solutions.
Starting from a dry membrane with contact angle of 110, contact
angles of the membrane samples decreased due to the presence of
carboxylic acids to values ranging from 87 to 94. Moreover a
higher decrease was observed for an acid with lower molecular
weight. This increase in hydrophilicity degree of the membrane
is thus responsible for the increased water permeation, whereas
the increased ethanol flux can be attributed to coupling effects.
In literature it was found that the PDMS backbone can be hydro-
lyzed by water at low pH (Bowen et al., 2007), and the resulting sil-
anol group on the polymer would be, similar to zeolite surfaces,
available for interaction with weak acids. However, hydrolysis of
the PDMS backbone would already result in lower hydrophobicity,
which was not observed for the Pervatech PDMS membrane. When
both membranes were subjected to an ethanol/water mixture, in
which HCl was added to reach a similar pH as in the weak acid
solutions, no effect was observed in membrane performance or
hydrophobicity degree. From this, the assumption can be made
that Si-based zeolites are present in the Pervap 4060 membrane,
and observations would be in agreement with Bowen et al.
(2007), as described earlier. This would also confirm the observed
trend that a stronger molar concentration of weak acid decreased
the hydrophobicity degree most due to more molecules available
for interaction with the silanol groups.
It was also found that the pH of the acid solutions played an
important role during pervaporation experiments of the Pervap
4060 membrane. When the pH of the solution was increased by
addition of NaOH, to a value above the dissociation constant ofthe acid, no significant change in membrane performance or
hydrophobicity degree was observed. Bowen et al. (2007) observed
similar behavior for a ZSM-5 filled PDMS membrane. While mem-
brane performance was drastically decreased when no pH correc-
tion was made, no change in water and ethanol fluxes were
found when the pH was increased above the weak acid dissociation
constant. They explained this by the fact that dissociated ions,
which are mainly present above the dissociation constant of the
weak acid, adsorb less strong on the zeolite particles. This was also
confirmed by Efe et al. (2010) for the adsorption of succinic acid on
the same type of ZSM-5 zeolite. From literature, it was found that
microorganisms produce ethanol more efficiently in environments
closer to neutral pH (Bowen et al., 2007). In the light of developing
high performance membranes, based on mixed matrix systems
with inorganic fillers, it is advisable to increase the pH during fer-
mentation processes in order to minimize the impact of organic
acids on membrane performance.4. Conclusions
During purification of ethanol from water by pervaporation,
presence of sugars and salts non-significantly increased the mem-
brane performance, due to increased relative volatility between
ethanol and water. 2,3-Butanediol sorbed 37% stronger than etha-
nol in PDMS and hence decreased ethanol permeate concentration
by 12%.
Weak acids rendered the Pervap 4060 membrane more hydro-
philic, resulting in an increase in water flux up to 48% and reduction
in ethanol permeate concentration up to 20%. This membrane foul-
ing was explained by interaction of acids with silanol groups of the
Si-based fillers, but could be avoided by increasing the pH towards
more neutral environments.Acknowledgements
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